The aim of the Plasma Transferred Arc (PTA) hardfacing process is improving a technical surface locally with a dedicated material; Hardfacing became an issue of intense development related to wear resistant application. The hardfacing procedures can be differentiated by the intensity of mixture with the base body, which is usually increasing along with an increasing fusion efficiency rate. Nearly all kinds of weldable materials can be hardfaced and mostly all types of known wear resistant metals in combination can be used as hardfacing materials. The PTA hardfacing process has been widely employed due to several advantages such as higher volume of metal deposition rates and achieving very low dilution level. Heat input which influences dilution can be controlled by proper selection of PTA process parameters. In this study, an attempt has been made to analyze PTA hardfacing of IS: 2062 structural steel with Titanium Carbide (TiC). Experiments were conducted based on a fully replicable five-factor, five-level central composite rotatable design. Mathematical models were developed using response surface methodology to study the effects of PTA hardfacing process parameters such as welding current, welding speed ,powder feed rate, oscillation width and pre heat temperature on bead geometry parameters like penetration, reinforcement, bead width and dilution. Direct and interaction effects of PTA process parameters on bead geometry were analyzed. From mathematical model, the process parameters were optimized.
INTRODUCTION
Wear related failure of mechanical components is considerable as one of the major reasons for inefficiency of a variety of engineering applications. It was reported that wear resistance could be improved when hard particles were embedded in a tough, metallic matrix (Jha et al., 1999; Draugelats et al., 1996) . Hardfacing is a technique used to improve the surface properties of metallic mechanical parts, such as the resistance against wear and correction. Surface properties and quality depend upon the selected alloys and deposition processes (Davis and Davis & Associates, 1993; Lugscheider et al., 1991) . Depending on the applied technique, common problems encountered in hardfacing are combination of a poor bonding of the applied surface layer to the base material, the occurrence of porosity of the thermal distortion of the workspiece, the mixing of the layer with the base material and the inability of a very local treatment (Wolfgang, 2012) .
According to the literature, coatings obtained by PTA present a very good alternative to other hardfacing processes, such as conventional techniques or more recent ones like laser cladding (D' Oliveira et al., 2002; Agustin et al., 2011) . A significant advantage of PTA surfacing over traditional surface welding processes arises from the fact that the consumable material used is in the powder form. This fact enables a wide range of composition for the coating materials and even mixtures of different material powders.
Hardfacing experiments are conducted using DOE which deals with the procedure of selecting number of trials and conditions for running those (Cochran and Cox, 1962) . Using the results of the experiments to correlate welding process parameters to bead geometry and dilution, mathematical models can be developed for the corresponding welding process (Davis, 1983; Harris and Smith, 1983) . These models can be used to automate the welding process which can be helpful for consistently producing high quality hardfacing with less demand on welder skills. Siva et al. (2009) deposited nickel based colmonoy overlays on stainless steel 316L by PTAW using five level central composite rotatable designs and the percentage of dilution was optimized. Amos Robert Jayachandrana and Murugana (2010) investigated on AISI 316 L stainless steel cladding of structural steel by using PTA process and studied bead geometry variables and claddings deposited at different heat input and at optimum dilution conditions. Mohan Factor levels and Muragan (2009e) studied tungsten carbide hardfacing of stainless steel by PTA process. Very few works has been reported on TiC hardfacing. In this study, details about the development of mathematical models for predicting the direct and interaction effects of process parameter variables for TiC hardfacing on bead geometry and dilution from the experimental data obtained.
MATERIAL AND HARDFACING ALLOY
Selection of substrate materials: The substrate material selected for the PTA hardfacing method was IS: 2062 structural steel. The chemical composition of IS: 2062 structural steel and hardfacing alloy is presented in Table 1 .
Plan of investigation:
The research study was planned to be carried out in the following steps:
• Identifying the important process control variables and finding their upper and lower limits • Developing the design matrix and conducting the experiments as per the design matrix • Developing mathematical models • Result and discussion-presenting the main effects and few significant interaction effects of different parameters in graphical form • Conclusion Identification of process control variables and finding their limits: The independently controllable process parameters were identified to enable the carrying out of the experimental work and the development of mathematical models: they are welding Current (I), welding Speed (S), powder Feed rate (F), oscillation width (H), preheat Temperature (T) identified as control variables. Trial runs were carried out with the bead laid on plates as well as by varying one of the process parameters whilst keeping the rest of them at constant values. The upper limits of the factors was coded as +2 and the lower limits as -2, the coded values for intermediate ranges are then calculated from the following relationship, X i = 2 [2X -(X max + X min )] / [X max -X min ], where, X i -the required coded value of a variable X ; X -any value of the variable from X max to X min ; X min -the lower level of the variable, X max -the upper level of the variable. The decided levels of the selected process parameters with their units and notations are given in Table 2 .
Developing the design matrix and conducting the experiments as per the design matrix: The design matrix chosen to conduct the experiment was a central composite rotatable design. It consists of 32 sets of coded conditions and comprising a half replication of 2 4 = 16 factorial design with 6 centre points and 10 star points. All the welding parameters at the middle level (0) constitute centre points whereas the combination of each welding parameters at its lower value (-2) or higher value (2) with the other four parameters at the middle levels constitute the star points. Thus the 32 experimental runs allowed the estimation of linear, quadratic and two-way interactive effects of the process parameters on the weld bead geometry. The design matrix is shown in Table 3 . The experiment was conducted as per the design matrix. The IS: 2062 Structural steel plate of size 150×100×20 mm is to be hardfaced by PTA system. The Titanium Carbide (TiC) powder having size of 50-100 µm was deposited by PTA hardfacing process on structural steel plates. It is shown in Fig. 1 .
The hardfaced plates were cross-sectioned at their mid points to obtain test specimens. The specimens were prepared by the usual polishing method and etched with 2% nital. The weld bead profiles were 
DEVELOPMENT OF MATHEMATICAL MODELS
The response function representing any of the weld bead dimensions like penetration, reinforcement, width and dilution etc can be expressed as:
where, I = The response The second order polynomial (regression) used to represent the response surface for k factors is given by technique was employed to determine significant coefficients. The final mathematical model was constructed using the significant coefficients. The final mathematical models determined by the regression analysis are as follows: The adequacies of the developed models were tested using ANOVA and it was found that all models converge adequate. The estimated R 2 values of the 
RESULTS AND DISCUSSION
Direct effects of process parameters on bead geometry: Effects of welding current on bead geometry: The effect of welding current on bead geometry is presented in Fig. 3 . From the figure, it is found that the P, R, D increase with increase in welding current. This is attributed to the fact that heat input to the base metal increases when I is increased. W is not significantly affected by I: The values of the coefficient of the above polynomial were calculated by regression analysis with the help of the QA Six Sigma DOE IV PC software package. From the calculated coefficient of the polynomial less significant coefficient was eliminated with the help of back elimination.
Effects of welding speed on bead geometry:
The effect of welding speed on bead geometry is presented in Fig. 4 . From the figure, it is found that the P decreases with increase in S. This could be attributed to the reduction in heat input per unit length of weld bead when S is increased. R decreases initially with the increase in S and then it is not affected with the further increase in S. W is not significantly affected. Dilution, D increases with an increase S to a maximum value and then decreases with the further increase in S. This is because of the initial reduction in R, D increases. Further decrease in D may be due to continuous reduction in P.
Effects of powder feed rate on bead geometry: Figure 5 shows the effect of powder Feed rate (F) on bead geometry. From the figure, it is found that P increases with the increase in F. This is because less heat of plasma is utilized for melting of powder when F is less. R increases with the increase in F. This may be due to the consumption of more arc energy for melting powder. D increases to a maximum value when F increases and then D decreases with the further increase in F. This may be due to initial increase in P decrease in P when F increases. W is not affected significantly.
Effects of oscillation width on bead geometry:
The effect of oscillation width on bead geometry is presented in Fig. 6 . From the figure, it is found that P & 
Effects of preheat temperature on bead geometry:
The effect of preheat temperature on bead geometry is presented in Fig. 7 . From the figure, it is found that P&D increase with increase in T. This could be attributed to the following: When T increases more melting of base metal occurs resulting in higher penetration and dilution. R decreases when T increases. This is may be due to the spreading of molten metal when T increases. W is not significantly affected by T.
Interaction effects of process parameters on bead geometry: Effects of process variables on welding current and oscillation width on penetration: The interaction effect of welding current and oscillation width on penetration is presented in Fig. 8 . From the figure, it can be observed that P increases with the increase in I when H is above 10 mm and P decreases with the increase in I when H is blow 10 mm. The increase in P with the increase in I at higher oscillation width may be due to increase in heat input resulting in more melting of base metal causing higher penetration. The interaction effects are further visualized using response surface diagram as shown in Fig. 9 .
Effects of process variables on welding current and powder feed rate on penetration: The interaction effect of welding current and powder feed rate on penetration is presented in Fig. 10 . It is clear from the figure that the penetration increases with an increase in welding current when powder feed rate is below 16 g/min. This is due the fact that at lower volume flow rate of the metal powder more heat is available to fuse the base metal resulting in higher penetration. At higher powder feed rate more heat of plasma arc is consumed by powder for its melting resulting in lower melting of base metal. The interaction effects are further visualized using response surface diagram as shown in Fig. 11 .
Effects of process variables on welding current and preheat temperature on penetration:
The interaction effect of welding current and preheat temperature on penetration is presented in Fig. 12 . It is clear from the figure that P increases in I for when T is above 290°C and P decreases with increase in I when T below 290°C. The increase in P with the increase in I at higher preheat temperatures may be due to increase in heat input and fluidity of molten metal resulting more melting of substrate. The interaction effects are further visualized using response surface diagram as shown in Fig. 13 .
Effects of process variables on welding current and welding speed on reinforcement:
The interaction effect of welding current and welding speed on reinforcement is presented in Fig. 14. It is clear from the figure that the R increases with the increase in I when S is below 150 mm/min, but it is also noted that the R decreases with the increase in I when S is above 140 mm/min. The increase in R with the increase in I at lower welding speed is attributed to the fact that heat input increases when I increases resulting in more melting of base metal. At higher welding speed metal deposition per unit length of welds decreases resulting in lower R. The interaction effects are further visualized using response surface diagram as shown in Fig. 15 .
Effects of process variables on welding current and oscillation width on width:
The interaction effect of welding current and oscillation width on width is presented in Fig. 16 . It is clear from the figure that width increases with the increase in I when H is below 11 mm, but the trend reverses when H is above 10 mm. The increase in W at lower H may be due to increase in heat input resulting more melting of base metal. When H is higher penetration increases with the increase I causing reduction in W. The interaction effects are further visualized using response surface diagram as shown in Fig. 17 .
Effects of process variables on welding speed and powder feed rate on penetration: The interaction effect of welding speed and powder feed rate on penetration is presented in Fig. 18 . It is evident from the figure that when F is lower value, P increases with increase in S. It is because less heat of plasma is utilized for melting of powder when powder flow rate is less. The reverse trend is observed, when F increases to higher values. When F is increased more arc energy is consumed in melting the powder and P decreases. The interaction effects are further visualized using response surface diagram as shown in Fig. 19 .
Effects of process variables on welding speed and oscillation width on % dilution: The interaction effect of welding speed and oscillation width on dilution is presented in Fig. 20 . It is seen from the figure that D • Minimizing depth of penetration: Optimum process parameters: • Optimizing the bead geometry: From the above iteration, the bead geometries were optimized with the following constrains and the factor levels were found out for this optimized condition. The constrains are as follows. The experiment was conducted by setting the optimized by setting the optimized parameters. A comparison was made between the predicted and actual values of dilution and it was found that the average error is less than 2%. The results of the test with the optimum process parameters are presented in Table 4 .
CONCLUSION
The following conclusions were arrived at from the above investigation:
• A five level factorial technique can be employed easily for developing mathematical models for predicting weld bead geometry within the limits of the process parameters applied for TiC hardfacing of structural steel.
• Reinforcement and dilution are increased when welding current is increased but penetration marginally increased when welding current is increased.
• Penetration and, dilution decrease when travel speed is increased. Reinforcement decreases initially with the increase in S.
• When the powder feed rate is increased, reinforcement is increased and subsequently dilution is decreased. When preheat temperature is increased penetration and dilution increase, whereas reinforcement decreases.
• Reinforcement and penetration are decreased with increases in H. D initially increases with increase in H and D decreases with the further increase in H • Two way interactive effects of welding variables are found to be significant.
• In an optimization of objective process parameter functions are aimed for minimizing penetration and dilution and maximizing reinforcement and weld bead with. The results obtained are satisfactory.
